Three activated carbons were prepared from biomass (agriculture and wood industry by-products) and subsequently modified by treatment with liquefied petroleum gas at 900°C. The primary properties of the activated carbons before and after modification were investigated by nitrogen adsorption isotherms and FT-IR techniques. Modification of the activated carbons by liquefied petroleum gas led to a significant decrease in the content of micropores with diameters less than 1 nm. The prepared activated carbons exhibited improved adsorption capacities towards benzene due to their non-polar surface chemical groups and narrower micropore distributions; however, their adsorption capacities towards ammonia were diminished. The adsorption extent of iron ion was determined by the surface chemical properties of the activated carbons and showed a smaller relationship to the pore volume. The adsorption extent of Direct Red 23 was influenced by micropore sizes in the range 1-1.5 nm.
INTRODUCTION
Due to its high surface areas and pore volume, activated carbon has been widely used as a catalyst, catalyst support and adsorbent for the removal of a variety of organic and inorganic pollutants. Recently, the adsorption of dyes and metal ions such as Bismark Brown R, Malachite Green, nickel(II) and chromium(VI) from wastewater by activated carbons has been widely investigated (Kumar et al. 2005; Malik et al. 2007; Mall et al. 2005; Kadirvelu et al. 2001; Hamadi et al. 2001) . The pore structure and surface chemical properties of activated carbon determine its application, while the carbon precursor, the preparation process and modification technique affect its adsorption capacity.
Carbonaceous substances such as coal, petroleum char, sewage sludge and biomass can generally be used as carbon precursors. Wastes of agriculture and wood industry such as Hevea brasiliensis, groundnut shell, bagasse fly ash, coir pith and waste tyres have been selected as carbon precursors, not only as a means of treating waste resources but also for obtaining valuable adsorbents (Kumar et al. 2005; Malik et al. 2007; Mall et al. 2005; Kadirvelu et al. 2000 Kadirvelu et al. , 2001 Hamadi et al. 2001) .
Physical activation and chemical activation are the most frequent methods used for the preparation of activated carbon. In physical activation, the raw materials are heated at a high temperature in an inert atmosphere and subject to partial gasification by steam or carbon dioxide at 800-1000°C; as a result, pore development occurs on both the internal and external surfaces of the carbon, resulting in a material with a high surface area (Gan et al. 2004) . In chemical activation, both the carbonization and activation stages occur simultaneously in the presence of a chemical agent such as ZnCl 2 or KOH (Tsai et al. 2001; Wu et al. 2005) . It should be noted that the temperatures necessary for chemical activation are lower than those employed for physical activation (Chandra et al. 2007) .
The modification of carbon precursors by chemical, physical or biological methods could also develop their affinity towards certain contaminants as well as improving their adsorption capacities and selectivities. Thus, during chemical modification, the carbon surface could be oxidized by oxidants such as acids, oxygen or plasma, or be reduced by hydrogen or ammonia (Shen et al. 2008) .
When present in the atmosphere, benzene and ammonia are hazardous compounds towards humans; however, such compounds could be effectively removed by activated carbon due to its developed pore structure and adjustable surface chemical properties. Similarly, dye molecules and metal ions present in aqueous systems can only be degraded or mineralized with difficulty under natural conditions. As a consequence, much research has been directed towards the removal of such pollutants through the use of activated carbon (Yin et al. 2007; Rangel-Mendez and Cannon 2005; Sirianuntapiboon et al. 2007; Kadirvelu and Namasivayam 2003; Park et al. 2007; Kula et al. 2008; Gercel and Gercel 2007; Ramos et al. 2002; Karthikeyan et al. 2005; Kalavathy et al. 2005) . Compared with activated carbons derived from coal and polymers, those generated from biomass showed some advantages in the amounts and types of contaminants removed, the reproducibility and economics of the process, etc.
Liquefied petroleum gas should decompose and form radicals at high temperature, and these radicals should react with the surface functional groups of activated carbons. These reactions could change both the structure and surface chemical properties of activated carbon, and accordingly affect its applications. However, to date, no investigations of how liquefied petroleum gas influences activated carbon have been reported. Accordingly, we have selected various biomasses, such as corn stalk, pine and poplar, as carbon precursors for the preparation of activated carbons and modified the latter by treatment for 5 min with liquefied petroleum gas at 900 o C. The pore structures and surface chemical properties of the activated carbons before and after such modification have been investigated. In addition, the adsorption capacities of the activated carbons towards gaseous molecules (benzene and ammonia) and liquid-phase ions/ molecules (Fe 3+ , Direct Red 23) have also been examined.
EXPERIMENTAL

Materials and sample preparation
Corn stalks and pine and poplar shavings were used to prepare the activated carbons. Corn stalks were obtained as an agricultural by-product whilst the pine and poplar shavings were obtained from a lumber yard. All these materials were first washed with water to remove any clay and other impurities, and then dried at 105°C for 48 h. Finally, they were ground and sieved to produce particles with diameters less than 1 mm.
The sieved samples were placed in a furnace (600 mm length, 20 mm diameter) and heated up to 900 o C at a rate of 5°C/min under a nitrogen flow rate of 30 mᐉ/min. The carbonized carbon was obtained after heating at this temperature for 60 min. Then, whilst maintaining the same temperature, a flow of CO 2 was passed over the carbon sample for 60 min. Some of the samples were also treated by the passage of a stream of liquefied petroleum gas for 5 min at 900°C to effect modification of the sample. After this procedure, the samples were cooled down to room temperature under a nitrogen flow.
The resulting samples have been designated below according to their precursors and preparation conditions. Thus, samples prepared from corn stalk are referred to as CS-AC-0 and CS-AC-5, while the samples from pine and poplar are designated as PIN-AC-0, PIN-AC-5, POP-AC-0 and POP-AC-5, respectively. The numerals 0 and 5 indicated the length of time (min) during which the samples were modified with liquefied petroleum gas.
Sample characterization
The surface areas and pore structures of the prepared samples before and after modification were established from nitrogen adsorption isotherms as measured at -196°C by means of an ADAP2000 Gas Adsorption Analyzer (Micromeritics Instrument Corporation, Norcross, GA, U.S.A.). Thus, the surface areas were calculated using the BET equation while the pore-size distribution was established through the use of Density Functional Theory (DFT).
Analysis of the surface functional groups on the samples was undertaken spectroscopically using a NIOCT-710 FT-IR instrument and employing samples in the form of KBr tablets of ca. 1 mg in weight with a ratio of sample/KBr of 1:150. For all samples, IR measurements were conducted over the wavenumber range 600-4000 cm -1 .
Adsorption studies
Adsorption from the gaseous phase
In this case, adsorption was performed in a sealed vessel at 20°C. Benzene or ammonia gas was first introduced into the vessel and allowed to reach saturation before the introduction of the activated carbon samples. After known time intervals, the activated carbon samples were removed and weighed, the difference between this weight and their initial weight being the amount of benzene or ammonia adsorbed, respectively.
Adsorption from aqueous solution
To estimate the applicability of the activated carbons produced as adsorbents from the aqueous phase, the adsorption of the industrial dye Direct Red 23 (DR23) or Fe 3+ ions was investigated by the batch equilibrium technique. The amounts of DR23 and Fe 3+ ions present before and after exposure to the activated carbons were determined via a 752N UV-vis spectrophotometer (Shanghai Analyzer Company, P. R. China) employing the characteristic peaks at 504 nm and 500 nm, respectively.
RESULTS AND DISCUSSION
Product yields
The yields of samples obtained after carbonization, activation and modification by liquefied petroleum gas are listed in Table 1 . From the data recorded, it can be seen that ca. 70-80% of the raw materials were decomposed during the carbonization process. After activation by CO 2 gas, the yields of activated carbons were 10-20% based on the raw materials employed. When the activated carbons were modified with liquefied petroleum gas, their weight increased by 5% above that observed for the activated products due to the deposition of additional carbon generated by the absorption of liquefied petroleum gas from the vapour phase. This deposited carbon would narrow the pore diameters and produce a coating on the surface of the activated carbon.
Characteristics of samples
The primary structural parameters of the samples studied are listed in Table 2 . Modification of the samples by treatment with liquefied petroleum gas led to a decrease in their specific surface areas and pore volumes -especially the micropore volumes. During this treatment, deposition of carbon occurred upon the surfaces of the carbon samples and this led to the narrowing of the micropores and their blockage as such deposition increased. Plots of the nitrogen adsorption isotherms and pore-size distributions of the different samples are depicted in Figure 1 . The isotherms of all the samples exhibited virtually horizontal sections at P/P 0 values less than 0.8, indicating that the samples contained a high proportion of micropores. However, when P/P 0 > 0.8, all the isotherms showed a sharp upward trend, suggesting that the samples also contained macropores.
The pore-size distributions of the various samples depicted in Figure 1 reflect the changes induced in the pore structure by modification with liquefied petroleum gas. It should be noted that such treatment mainly affected the micropore structure and had less effect on the mesopore and macropore structures of the various samples. Thus, for sample CS-AC-5, a decrease occurred in the volume of micropores with pore radii between 0.6 nm and 0.8 nm; for PIN-AC-5, micropores with pore radii less than 1 nm disappeared; while for POP-AC-5, the volume of micropores with radii between 0.5 nm and 0.9 nm gradually decreased while the volumes of those with radii between 1 nm to 1.5 nm increased. The IR spectra of the various samples are depicted in Figure 2 . No changes were observed in the functional groups of CS-AC-0 and CS-AC-5 which were mainly -OH, C=C and C-O groups. In contrast, when the spectrum for PIN-AC-0 was compared with that for PIN-AC-5, it was seen that -CH 2 , C=C and C-O groups appeared in the latter. However, the total amount of surface functional groups associated with POP-AC-5 was less than that for POP-AC-0. In the latter case, some radicals formed during the pyrolysis of liquefied petroleum gas probably interacted with the carbon surface. Since the surface chemical properties of the resulting activated carbons are determined by the amounts and sites of carbon deposition, it is to be expected that the modified activated carbons would exhibit different surface chemical properties.
Adsorption characteristics
Adsorption from the gaseous phase
The adsorption curves of benzene onto the prepared and modified activated carbons are depicted in Figure 3(a) . Firstly, it will be noted that the adsorption capacities of the activated carbons all decreased after liquefied petroleum gas modification due to the decrease in pore volume brought about by such treatment. Secondly, the larger the micropore volume, the greater the adsorption capacity of the activated carbons towards benzene, with CS-AC-0 showing the best adsorptive capacity of all the samples. Since benzene is a non-polar, planar molecule, it is more readily adsorbed by micropores (with diameters less than 1.4 nm).
The adsorption curves for ammonia onto the activated carbons depicted in Figure 3(b) show that ammonia was adsorbed in a similar fashion to that of benzene, i.e. the adsorption capacity increased as the micropore volume of the activated carbon increased. However, the adsorption capacity of the activated carbons towards ammonia was not significantly affected by modification with liquefied petroleum gas. Although ammonia is a polar volume, the extent of its adsorption also depends on the micropore volumes of the activated carbons. However, in this case, the non-polar functional groups introduced onto the surface of the activated carbons during modification with liquefied petroleum gas only slightly affected the adsorption of the polar ammonia molecule. 
Adsorption from aqueous solution
The adsorption curves for Fe 3+ ions onto the activated carbons are shown in Figure 3 (c). It will be seen that adsorption equilibrium was rapidly established for all the samples, and that there was little difference between the adsorption equilibrium capacities of the original activated carbon and those of the samples modified by liquefied petroleum gas treatment. The maximum amount of Fe 3+ ions adsorbed was ca. 50%. This suggests that adsorption in this case was determined by the surface chemical properties of the adsorbent and was less dependent on the pore volume. DR23 is an industrial dye which is found widely in textile wastewater. The adsorption curves of DR23 onto the various activated carbons studied are shown in Figure 3(d) , from which it will be seen that only 40-50% of DR23 was removed by the various activated carbons. Although the sample PIN-AC-0 possessed a greater number of micropores with diameters less than 1 nm, there was no difference between PIN-AC-0 and PIN-AC-5 as far as the adsorption of DR23 was concerned. This suggests that micropores with diameters less than 1 nm were incapable of adsorbing the DR23 molecule and hence that larger-sized micropores would be more effective in this respect. However, it will be seen from the data depicted in Figure 3(d) that the adsorption capacities of CS-AC-0 and CS-AC-5 towards DR23 were almost identical. However, the POP-AC-5 sample possessed more micropores with diameters in the range 1-1.5 nm than POP-AC-0 and, as a consequence, exhibited a higher adsorption capacity towards DR23. This result demonstrates that molecules such as DR23 with a molecular weight as high as 813.72 and a large molecular size can only be adsorbed by an activated carbon possessing micropores with pore-size diameters between 1 nm and 1.5 nm.
CONCLUSIONS
The following conclusions arise from the present investigation.
(1) Activated carbons prepared from corn stalks and pine and poplar shavings mainly contained micropores. The content of micropores with diameters less than 1 nm was significantly decreased when the activated carbons were modified by the use of liquefied petroleum gas.
(2) The activated carbons studied exhibited better adsorption capacities towards benzene due to their non-polar surface chemical groups and narrower micropore-size distributions. However, they exhibited lower adsorption capacities towards ammonia -a strongly polar molecule.
(3) The adsorption of Fe 3+ ions from aqueous solution was determined by the surface chemical property of the adsorbent and was lesser related to its pore volume. Furthermore, the adsorption of DR23 was only possible in micropores with diameters in the range 1-1.5 nm.
